A helicopter flight control system with rotor-state feedback to improve turbulence alleviation in hover is presented. First, a flight dynamic model coupled with turbulence model is developed and validated. Then, an integrated control strategy with a rotor-state feedback control law is proposed based on the baseline control system. The feedback gains of body and rotor states are designed in synergy to improve turbulence alleviation in the interested frequency range of handling qualities. Subsequently, the effects of the rotor-state feedback gains on both the stability of rotor dynamics and helicopter turbulence alleviation are analyzed in detail. Finally, the effectiveness of the integrated control system is evaluated with linear analysis in frequency domain and nonlinear simulation in time domain. The results indicate that with the rotor-state feedback control law integrated into the control system, the helicopter turbulence alleviation in the interested frequency range is improved with less degradation in helicopter stability margins, and the roll and pitch rate responses of helicopter to turbulence, measured with Root-Mean-Square (RMS) values, are reduced by more than 50% and 35% respectively.
Introduction
With the distinguished characteristics of low-altitude, hover and low-speed flights, as well as vertical take-off and landing in a small area of space, helicopters are often required to perform missions in severely turbulent atmospheric environment. Turbulence would result in undesired helicopter motions and high pilot workloads, and sometimes even push the aircraft to its operational limits. Therefore, the methods to improve turbulence alleviation have been explored.
High-bandwidth flight control systems with high feedback gains can improve turbulence alleviation; however, the systems may be destabilized by the rotor dynamics if gains are set too high. [1] [2] [3] Study by Zhao and Curtiss 4 indicated that the instability of helicopter in the presence of rate or attitude feedback is often related to the lightly damped lag modes. Flight tests of RAH-66 5 and UH-60A 6 helicopters showed that both low-and high-frequency lag modes can be an issue when designing advanced control laws. For these reasons, the concept of RotorState Feedback (RSF) has been proposed to achieve high-gain body-state feedback with measurements of the rotor dynamics to enhance closed-loop stability of rotor modes.
The first attempts to use RSF in flight control system were tried with a CH-53 helicopter by Sikorsky. 7 Test data showed a 30-50% reduction of the transient normal load factor response to gust disturbances compared to the response of the basic helicopter without RSF. In an analytical study to investigate the airframe/engine interface dynamics and influence of rotor speed variations on the flight dynamics of the helicopter in hover, Chen 8 explored the potential benefits of using rotor states as additional feedback signals in the flight control system with a linear model. Results showed that higher closed-loop bandwidths appear to be more readily achievable and both aircraft and rotor flapping responses to gust disturbance are significantly attenuated when RSF is used. Nearly at the same time, Takahashi 9 investigated the function of rigid bodystate and rotor-state feedback gains to achieve high gain feedback with a high-order linear model for a hovering UH-60A helicopter. A high-bandwidth rate response type with less high-frequency oscillation was achieved and a significant reduction in noise sensitivity was shown compared to the design without RSF. 10 Besides the theoretical studies above, an experimental evaluation of RSF controllers was conducted on a model-scale experimental rotor rig facility. 11 The results showed that the rotor-state feedback ensured the stability of the regressing flap-lag modes in the presence of high-gain rigid body feedback. RSF thus was demonstrated to yield potentially significant advances in robust high-bandwidth control system. 12 Recently, Horn et al. 13, 14 attempted to use RSF to enhance closed-loop stability of rotorcraft with variable rotor speed. The RSF control law was designed to integrate seamlessly with the baseline control law and can be readily engaged or disengaged. Non-realtime and piloted simulations showed that the RSF control law allowed higher bandwidth and better disturbance rejection with reduced risk of closed-loop instability.
There are two potential benefits of using RSF in control design for turbulence alleviation: the first is to achieve higher body-state feedback gains to improve turbulence alleviation in the lower frequency range, and the second is to improve turbulence alleviation of both the main rotor itself and helicopter in the higher frequency range. In this paper, the potential of using RSF in control design to improve turbulence alleviation in both the lower and higher interested frequency ranges is investigated. A RSF control law is developed and integrated to the baseline explicit model-following control system to form an integrated control system. The feedback gains of body and rotor states are designed in synergy to improve turbulence alleviation in the whole interested frequency range for handling quality analysis. The effects of the RSF gains on both the stability of rotor modes and helicopter turbulence alleviation are analyzed by using a low-order linear model of rotor/body coupling dynamics.
This article is organized as follows. The Helicopter flight dynamic model in turbulence section describes the high-order flight dynamic model for control design and simulation model for helicopter flying in turbulence. The Control design section presents the design process of the integrated control system with the RSF control law. In the Effects of RSF gains on helicopter stability and turbulence alleviation section, the effects of the RSF gains on both the stability of the rotor dynamics and helicopter turbulence alleviation are discussed. In the Control system evaluation section, the effectiveness of the integrated control system is evaluated with linear analysis in frequency domain and nonlinear simulation in time domain. Finally, conclusions are summarized in the Conclusions section.
Helicopter flight dynamic model in turbulence
Helicopter flight dynamic model A high-order nonlinear helicopter flight dynamic model of the UH-60A helicopter is used for numerical simulation. The detailed formulation of the mathematical model can be obtained in literature. 15, 16 A three-state dynamic inflow model 17, 18 is used to simulate the dynamics of main rotor inflow. Aerodynamic forces and moments of main rotor are determined with the blade element theory. Airfoil lift and drag coefficients of blade elements are obtained with an interpolation method based on the wind tunnel test data. Main rotor blades are assumed to be rigid bodies. Moments acted on blades include those generated by the inertial forces, aerodynamic forces, and lag damper forces. By enforcing the moment equilibrium at the hinge, the flap and lag equations for the i-th blade are Blade torsion is taken approximately into account using the same general approach as that in Howlett. 15 The torsion of each rotor blade is assumed to be identical and is expressed as follows
where x ð Þ is the torsion mode shape for a span-wise correction of blade dynamic twist which is applied identically to each rotor blade regardless of its azimuth angle
DYN is the tip dynamic twist factor, and calculated in a form as
where is the advance ratio, and N b the number of main rotor blades. F P i and F T i are the total perpendicular and tangential aerodynamic forces acting on the i-th blade. C 1 and C 2 are the empirically derived factors given in Howlett 15 as
For the UH-60A helicopter with a main rotor of four blades, the whole model has 21 degrees of freedom: three rigid body translations and three rigid body rotations for fuselage, flap and lag motions for each of the four rigid blades and a pseudo-torsion degree of freedom, three main rotor dynamic inflow, one tail rotor dynamic inflow, two fuselage downwash and sidewash. The state-space form of the model is shown as follow
where x and u are the state and control vectors respectively
A 33-state linear model for control design and linear analysis was extracted numerically from the nonlinear model with the finite difference approximations. Since the linearization of the rotor equations is carried out in the rotating coordinate system, a MultiBlade Coordinate (MBC) transformation 19 is used to convert the linearized information to the non-rotating shaft axes. Figure 1 shows a comparison of the calculated roll rate frequency response to the lateral control with that derived from the flight test data of the UH-60 helicopter in hover. 20 The corresponding flight condition is for the helicopter hovering at the altitude of 61 m with the gross weight of 6985.3 kg and the 39 degrees of horizontal stabilator incidence angle.
It can be seen that there is a good agreement between the calculated result and flight test data for the frequencies between 1 and 10 rad/s while there are great errors below 1 rad/s and above 10 rad/s. However, they do not affect the application of the model in handling quality analysis since the interested frequency range for handling quality investigations is 1-10 rad/s. The on-axis frequency responses of the pitch, yaw, and heave rates have the same accuracy as the roll rate but omitted for brevity.
Flight dynamic model coupled with turbulence model
For helicopter flight simulation in atmospheric turbulence as well as handling quality analysis, the flight dynamic model formulated in equations (8) to (10) is updated to couple with a rotating-frame SORBET (Simulation of Rotor Blade Element Turbulence) model developed by McFarland and Duisenberg. 21 The model has been validated by comparing the simulated results with the corresponding flight test data of the precision hover tasks in turbulence, and the agreement was quite well. 22 The impact of turbulence on helicopter is considered by adding the turbulence velocity components directly to the relative incidence velocity components of helicopter aerodynamic surfaces (including main rotor, fuselage, tail rotor, horizontal stabilator and vertical fin). Equation (8) is extended with the turbulence terms as follows
where g is the atmospheric turbulence velocity vector of all the helicopter aerodynamic surfaces 
Control design Control strategy
The baseline control system is an explicit model-following structure which uses only body states in the feedback loop and has the capability to alleviate the disturbances in the lower frequency range. [23] [24] [25] [26] On this basis, an integrated control system is formed by integrating a RSF control law into the baseline control system for improving turbulence alleviation in both the lower and higher frequency ranges, as shown in Figure 2 . By including rotor states in the feedback loop to enhance the closed-loop stability of the rotor dynamics, higher body-state feedback gains can be achieved for the integrated control system to further improve the turbulence alleviation in the lower frequency range. Meanwhile, the RSF control law can improve the helicopter turbulence alleviation in the higher frequency range by introducing the additional lateral and longitudinal cyclic control inputs.
Baseline control system
A brief overview of the characteristics of the baseline explicit model-following control system is necessary for further analysis. The explicit model-following control system is typically comprised of the feedback compensation H s ð Þ to stabilize the vehicle and alleviate disturbances, an inverse model of the aircraft dynamics P À1 s ð Þ, and the command model M s ð Þ. These elements are illustrated conceptually in Figure 2 . The combined transfer function for the stabilization loop and inverse model is
The transfer function above reveals that the stabilization loop and inverse model have a combined transfer function of unity. Thus, if a perfect and realizable inverse model of the aircraft P À1 s ð Þ is available, the vehicle response x will exactly track the model response x com . In practice, since the attempts to cancel the high-frequency dynamics such as those associated with the rotor and actuators would lead to unreasonable surface deflections and rates, the inverse model may be a highly simplified approximation of a nominal linear transfer function. At the same time, the low-frequency characteristics such as weight or center of gravity effects that are not completely cancelled can be easily suppressed by the stabilization loop. Therefore, the inverse model is typically a first-order or second-order decoupled transfer function. Because the aircraft's principal inherent modes are cancelled, the desired dynamic response may be introduced as the command model M s ð Þ. The baseline control system is designed to achieve hover/low-speed control and stabilization modes, such as Attitude Command and Attitude Hold (ACAH) or heading Rate Command and Direction (heading) Hold (RCDH). In order to study the effect of the RSF on turbulence alleviation, the control parameters of the baseline control system are introduced directly from literature.
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RSF control design and integration
The architecture of the RSF control law is presented in Figure 3 . High-gain roll and pitch feedbacks in the baseline control system may result in instability for the helicopter with lightly damped rotor modes, so rotor states including rotor flap and lag angles and their rates ( 1c , 1s ,
are introduced into the RSF control law. Previous research has shown that these states can make the control system robust and stabilize the associated rotor modes. 9 The feedback gains of the baseline control system and RSF control law are designed in synergy to improve helicopter turbulence alleviation in both the lower and higher frequency ranges. A Linear Quadratic Regulator (LQR) approach is used to give the initial values for the feedback gains of the body and rotor states. The main benefit of the LQR approach is that the feedback gains of the body and rotor states can be designed in synergy to improve turbulence alleviation in the whole interested frequency range and make the closed-loop system stable with desirable gain and phase margins. 24 which reduces the variables by assuming that they are constrained by infinitely tight feedback loops. This method is more accurate than to drop the coupling terms in the system matrices because the one-way coupling effects of the reduced yaw-heave dynamics into the retained variables are considered. Figure 4 shows a comparison between the roll rate frequency responses to the lateral control of the full-order and 12-state linear flight dynamic models in hover. The corresponding flight condition is the same as that in Figure 1 . There is a good agreement between the two models for the frequencies above 1 rad/s. Because the velocity states with low natural frequencies were dropped, there are great errors for the frequencies below 1 rad/s. However, they do not affect the application of the model in control design and handling quality analysis because the interested frequency range is 1-10 rad/s. The on-axis frequency response of the pitch rate has the same accuracy as the roll rate but omitted for brevity.
The LQR gains are designed with the 12-state model to minimize a performance index of the form
The weighting matrix Q b is used to determine the turbulence alleviation of roll and pitch axes in the lower frequency range while the matrices Q bd , Q f are used to improve turbulence alleviation in the higher frequency range of interest. The other rotor states are not included in the performance index because the function of them is to keep rotor modes stable and well damped. The matrix R is used to penalize excessive control. The following weights are chosen after trial and error analysis
The LQR gains are determined by solving an algebraic Riccati equation in MATLAB. For implementation into the control system, the nondominant gains are set to zero while dominant gains are then set for each axis to keep the desired performance. Based on the above considerations, the body crossfeed gains K p2lon , K È2lon , K q2lat , and K Â2lat as well as the rotorstate gains (
) are set to zero since they have little effect on the feedback. The feedback gains K p2lat , K È2lat , and K 1s 2lat are adjusted to obtain desired turbulence alleviation in roll axis since they dominate the roll response characteristics. Similarly, the feedback gains K q2lon , K Â2lon , K 1c 2lon are adjusted to obtain desired turbulence alleviation in pitch axis. The lag gains
, and K _ & 1s 2lon are set to remove the damping losses in the regressing and progressing lag modes. The flap gains K 1c 2lat , K 1s 2lon , K _ 1c 2lat , and K _ 1s 2lon are then set to offset the damping losses in the regressing and progressing flap modes. Table 1 lists the final body-state and rotor-state feedback gains and their values.
With the RSF loop engaged, the control responses of body states will be suppressed, as shown in Figure 5 . This is because the control sensitivity of main rotor is reduced when the RSF loop is engaged. In order to improve the control responses of body states, a command model of flap angles is introduced. The commanded flap angles can be obtained with the pseudo-commands of roll and pitch angular accelerations based on a simplified linear model with first-order flap dynamics, which was derived from the full-order linear model. 14 The roll and pitch rate dynamics can be written as
The inversion control law can be written as
The commanded flap angles in equation (18) are passed through a first-order filter with a time constant which is approximately equal to the flap time delay from the open-loop rotor dynamics, as shown in Figure 3 . These filters can intenerate the commanded flap angles and avoid great overshoot during the tracking of the commanded flap angles. A saturation block is included to restrict the commanded flap angles within the preselected limits. The flap limits can be selected based on the design requirements such as mechanical or structural load limits.
Effects of RSF gains on helicopter stability and turbulence alleviation
In this section, the effects of the RSF gains on both the helicopter stability and turbulence alleviation are analyzed with a model simplified based on first principle physics. The analyses were conducted using MATLAB/Simulink development models. A linear model including the integrated control system was obtained with the linearization tools in Simulink.
Effect of RSF gains on helicopter stability
Based on first principle physics, the linear model of rotor/fuselage coupling dynamics can be reduced from the full-order flight dynamic model and expressed in the form ð19Þ
With the model of equation (19) , the body-state and rotor-state feedback system is formed and shown in Figure 6 . The rotor-body coupling dynamics are represented in the dashed box. Main rotor and body are coupled through the terms H rb and H br . In hover and low-speed flights, the damping term Z ff , which represents the damping from rigid body, can be negligible. Thus, the body dynamics are governed by main rotor, while the impact of body on main rotor is equivalent to the integral feedback term H rb H br =s.
For the control of main rotor, the rotor-state feedback term K r is equivalent to a ProportionalDifferential (PD) feedback for blade flap and lag motions, so it is beneficial for the stability of rotor dynamics. Together with H br =s, the body feedback K bd and K b =s are equivalent to a high-order integral feedback for main rotor control. This would result in instability of rotor modes as body-state feedback gains increase.
A sample of root locus of rotor modes with roll rate feedback of body is shown in Figure 7 for demonstration. The roll rate feedback gain varies from 0 to 150%/(rad/s), which is corresponding to the cases with the RSF loop disengaged and engaged in the root loci. The arrows indicate the variation of roots with the increment of roll rate feedback gain. It can be found that the rotor dynamics become unstable with -- Figure 6 . Diagram of body-state and rotor-state feedback system for turbulence alleviation analysis.
the RSF loop disengaged at high gain. The roots associated with the lag progressing mode moves to the right-hand side as the roll rate feedback gain increases. However, the roots are either further moved to the lefthand side or become less sensitive to the feedback gain with the RSF loop engaged. There is not any unstable root even for the highest gain.
Effect of RSF gains on turbulence alleviation
In order to analyze the effect of the RSF gains on turbulence alleviation, the effects of the turbulence on main rotor and body (including fuselage, horizontal stabilator, vertical fin and tail rotor) are investigated separately. To this end, the effects of turbulence on main rotor and body are inserted at the flap angle output and body angular rate output respectively, as shown in Figure 6 . The turbulence alleviation of main rotor can be determined by obtaining the transfer functions between the turbulence input d r and total output of main rotor state x r , while the turbulence alleviation of body can be determined by obtaining the transfer functions between the turbulence input d db and total output of body state x bd . Figure 8 shows the effect of the RSF gains on the turbulence alleviation of the main rotor lateral flap motion in hover. Figure 9 shows the effect of the RSF gains on the turbulence alleviation of the body roll motion in hover. It can be found the body-state feedback can improve the turbulence alleviations of both main rotor and body in the lower frequency range. However, it results in more activities in the higher frequency range. On the other hand, the rotor-state feedback can improve the turbulence alleviations of both main rotor and body in the higher frequency range, but reduces the effect of the bodystate feedback on the turbulence alleviation of body in the lower frequency range. This is because the sensitivity of body states to control would be reduced as the RSF loop is engaged.
Control system evaluation
In order to demonstrate the effectiveness of RSF on turbulence alleviation, the integrated control system is evaluated in frequency and time domains and compared with the baseline control system only.
Evaluation in frequency domain
Helicopter stability margins and the Control equivalent Disturbance Rejection Bandwidths (CDRB) 27 of helicopter response to the turbulence are summarized in Table 2 for the integrated control system and baseline control system only based on the full-order linear model. The time delays due to actuators and filters in roll and pitch axes are considered and assumed to be approximately 0.076 and 0.101 s. 26 Stability margin was evaluated by breaking the loop at the actuator input and evaluating the frequency of the loop transfer function. Turbulence alleviation was evaluated with the CDRB, which is the frequency where the magnitude becomes larger than À3 dB for the closed-loop transfer function between the disturbance at the helicopter actuator input d a and sum of the disturbance plus control system input to the actuator u a , as shown in Figure 6 . CDRB is an appreciate scale to quantify helicopter turbulence alleviation based on the development of the CETI turbulence model, 22 which generated equivalent control inputs to produce the same effect on the vehicle as turbulence itself.
The Bode plots of the roll axis transfer functions for the CDRB evaluation in hover are presented in Figure 10 . It can be found that with the RSF control law integrated into the control system, helicopter turbulence alleviation in the whole interested frequency range is improved compared with that with the baseline control system only. This is due to the higher gains of the body-state feedback and the contribution of the RSF control law. The results in Table 2 indicate that with the RSF control law, the turbulence alleviation can be improved with less impact on the stability margins in hover and lowspeed flights.
Evaluation in time domain
The demonstration of the integrated control system is conducted based on the flight simulation with the high-order nonlinear flight dynamic model of the UH-60A helicopter developed by Li and Chen. 16 The parameters of the UH-60A helicopter come from Howlett. 15 For the purpose of flight simulation, the flap and lag angles and angular rates of the individual blades in the rotor module are converted into the non-rotating shaft axes through the MBC transformation and then sent to the RSF control law. Sensor dynamics or noise is omitted in this study.
The responses of attitudes, angular rates and rotor flap motions to a 10% doublet lateral input in hover are shown in Figures 11 to 13 . The same control is applied to the baseline control system for comparison. It can be found that the on-axis tracking capacity and turbulence alleviation are improved with the RSF control law integrated compared with the baseline control system only. Meanwhile, the alleviations of the undesired responses of body attitudes, angular rates and rotor flap angles in low, middle and high frequency ranges are enhanced. Figure 14 shows the power spectral density (PSD) analysis of the body angular rate responses for the same flight condition above. It can be seen that with the RSF control law integrated, the turbulence alleviation in the whole frequency range of interest is improved for both the roll and pitch axes although the turbulence alleviation in roll axis is better than that in pitch axis for the higher frequency range. Table 3 lists the root-mean-square (RMS) values of helicopter angular rate responses with and without RSF for station-keeping of helicopter in turbulence to quantify the turbulence alleviation of the RSF. The results show that with the RSF control law integrated into the control system, the RMS value of roll rate response is reduced by more than 50%, from 1.58 /s to 0.76 /s, while the RMS value of pitch rate response is reduced by more than 35%, from 0.63 /s to 0.39 /s.
Conclusions
This paper focuses on the development of an integrated control system which uses RSF to improve turbulence alleviation with less degradation in stability margins. It was proposed to design body-state and rotor-state feedback gains in synergy to improve turbulence alleviation in the whole frequency range of interest. The following conclusions can be drawn:
1. For main rotor control, RSF is equivalent to a PD feedback, so it is beneficial to the stability of rotor dynamics; body-state feedback is equivalent to a high-order integral feedback, so the rotor modes would become unstable as body-state feedback gains increase. 2. Body-state feedback can improve the turbulence alleviations of both main rotor and body in the lower frequency range of interest but may result in more activities in the higher frequency range. RSF can improve the turbulence alleviations in the higher frequency range but reduce the effect of body-state feedback on turbulence alleviation of body in the lower frequency range. 3. Linear evaluations show that with body-state and rotor-state feedback gains designed in synergy, helicopter turbulence alleviation in the whole frequency range of interest is improved with less degradation in stability margins. The CDRBs of the integrated control system are largely improved compared to those with only the baseline control system. 4. Nonlinear simulation results show that with the RSF control law integrated into the control system, the on-axis tracking capacity and turbulence alleviation are improved. The RMS values of roll and pitch rate responses to turbulence are reduced by more than 50% and 35%, respectively. RSF has the potential to improve helicopter handling qualities in turbulence.
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